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Introduction 

Units  of  detonability  are  normally  detertired  in  detonation 
tabes  of  circular  cross  section.  In  these  tubes  one  finds 
that  the  linit  concentration  of  the  mixture  is  propor¬ 
tional  to  the  reciprocal  tube  diameter,  except  at  tube  dia- 
aetere,  which  are  close  to  the  limiting  tube  diaaeter,  below 
which  no  detonation  exists,  even  in  stoichionetric  mixtures. 
?or  reliable  determinations  of  limits  of  detonability  two 
points  are  very  important t 

1.  the  test  tube  must  be  long  enough.  This  means  that 
the  tubes  must  be  so  long,  that  further  increase  of 
the  length  of  the  tube  does  not  influence  the  linit 
of  detonability.  (It  say,  however,  reduce  the  un¬ 
certainty  of  the  limit  concentration,  which  ahoulo 
go  to  zero  for  infinite  tube  length.) 

2,  The  detonation  must  be  ignited  by  another  detonation, 
so  that  it  3tarts  as  an  overdriven  detonation  and 
reaches  its  stability  licit  Pros  ”above".  Other¬ 
wise  one  rorsally  obtains  limits  which  are  narrower. 

A  simyle  minded  explanation  of  the  limits  of  detonability 
is  based  on  the  observation  that  close  to  the  limit  nearly 
always  single  headed  spin  appears,  the  frequency  of  which 
is  essentially  determined  by  the  tube  diarets?  and  the 
sound  velocity  in  the  burned  gases.  It  is  driven  by  energy 
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addition  to  the  vibration  which  due  to  Haleigh3  atatesent 
takes  place  in  the  right  phase  of  the  vibration.  If  the 
chemical  reaction  becomes  to  slow,  to  fit  that  condition 
(details  of  the  processes  do  cot  alter  that  result)  than 
the  detonation  fails.  This  explanation  allows  to  describe 
the  experisental  findings  in  circular  tubes  if  one  takas 
into  account,  that  the  wall  generated  expansion  waves 
are  stronger  in  narrow  than  in  wide  tubes,  so  that  the/ 
conpensate  for  the  slightly  higher  tecperature  in  the 
burned  gas  of  linit  detonations  in  tubes  of  snail  diace  ter 
and  the  C  (limit)  ~d_1  relation  is  obeyed  quite  well. 

For  rectangular  tubes  two  spin  rod  '3  are  c  v»re?  ->  i  1  ear  the 
Units  of  detonability.  The  one  fits  to  the  lont  .  -de, 
the  ether  one,  with  higher  frequency  to  the  short  side  of 
the  rectangular  cross  section.  The  above  mentioned  argu¬ 
ment  could  .Vied  'c  the  conclusion,  that  the  lowest  (or  the 
higher)  of  :ct.  frequencies  determines  the  limit  of  deton¬ 
ate  i-./,  If  that  is  so  the  length  of  one  of  the  two  sides 
of  &  rectangular  tube  she\i-i  be  nearly  the  sane  as  the 
ii _ iSter  of  a  circ',l;-»  i-ibc  at  the  linit  of  detonability. 


Experimental  set  up  for  Measurements  of  the  Influence 
of  Tube  Shape  on  the  Limits  of  Oetonability 
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Srperlaental  Arrangesent 

The  influence  of  the  shape  of  the  detonation  tube  on  the 
licits  of  detonability  has  been  investigated  in  an 
apparatus  described  below: 

Three  tubes  are  nonnted  parallel.  The  flow  resistance  of 
the  tubes  are  sade  equal  by  proper  choice  of  an  end  piece 
of  each  tube  which  is  two  meters  apart  fro®  the  windows. 

The  whole  length  of  the  tubes  is  20  aeters.  Windows  are 
nade  from  plexiglass,  40  ca  long,  and  ncusted  flush  into 
the  tubes.  ?or  the  experiments  the  windows  of  the  various 
tubes  are  arranged  one  above  the  other  with  1  cm  distance 
inbetween.  Each  tube  is  signed  by  two  Tesa  strips  with 
characteristic  distance  so  that  the  picture  of  each  tube 
can  easily  be  recognised  on  the  file. 

The  ignition  section  consists  of  a  1.5  aeter  long  tube 
of  9  cs  disaster  and  a  sparh  gap  at  the  closed  end.  The 
tube  i3  filled  over  a  distance  of  80  cs  with  a  wire 
entanglensnt  in  order  to  improve  the  establishment  of  the 
initiating  detonation.  (Mostly  an  adjusted  mixture) 

It  is  connected  with  another  tube  of  the  sane  diameter 
(with  3  thin  diaphragm  between  both).  In  the  end  plate 
of  this  section  the  detonation  tubes  are  mounted. 


This  section  end  the  detonation  tubes  ere  filled 
simultaneously  with  the  same  mixture  (clean  . 

Mixture  compositions  are  measured  by  capillary  flow 
meters  connected  to  the  gas  supply  by  two  successire 
constant  pressure  7alves.  An  additional  valve  is  mounted 
at  the  steel  tank.  Calibration  of  the  flow  neters  is 
done  with  precision  gas  meters. 

Variation  of  the  gaB  composition  should  have  a  negligible 
influence  on  the  results  because  the  experiments  are 
performed,  such  that  detonations  in  one  or  two  tubeB  fail, 
while  the  third  tube  still  shows  stable  detonation,  taking 
a  mixture  in  some  distance  from  the  limit,  the  three 
detonations  arrive  at  the  sene  time  at  the  windows. 

Coming  closer  to  the  limits  of  detonability ,  detonations 
start  to  fail  and  the  arrival  of  the  combustion  processes 
at  the  windows  does  not  take  place  at  the  same  time 
anymore.  The  absolute  values  of  the  detoration  limits 
are  therefore  not  as  precise  as  the  relative  data. 

In  the  past,  measurements  of  limits  of  detonabliiity  have 
been  performed  with  an  apparatus  in  which  the  detonation 
tubes  reached  about  15  cm  into  the  initiation  section. 

This  has  been  done  in  order  to  delay  the  influence  of 
the  reflected  detonation.  Kith  the  rectangular  tubes  used. 


it  was  found,  however,  that  under  these  conditions  the 
tube  is  deformed  in  the  lnition  section  so  that  un¬ 
reliable  results  have  been  obtained.  Therefore  the 
connection  of  the  detonation  tubes  with  the  initiating 
section  have  been  changed  and  the  tubes  were  mounted 
flush  into  the  end  plate .  For  tubes  with  circular  cross 
section  this  did  not  influence  the  limits  of  detonability 
much;  the  same  may  be  assumed  for  tubes  of  other  Bhape. 

The  rectangular  and  the  square  cross  section  brass  tubes 
(l  am  wall)  in  addition  are  supported  by  steel  bars  on 
the  long  side  over  the  whole  tube  length.  This  is  necessary 
because  otherwise  at  places  where  apparently  detonations 
start,  the  tubes  are  deformed  or  destroyed.  At  the 
place  where  the  windows  are  mounted  all  tubes  are  supported 
against  deformation  by  steel  constructions.  The  pressure 
in  the  tubes  filled  with  gae  mixture  has  been  atmospheric 
pressure  la  all  oases.  Ho  correction  for  variations  of  the 
atmospheric  pressure  has  been  applied.  Temperature  of  the 
mixture  was  20  °C  +  1  in  all  experiments.  After  each 
experiment  the  tubes  were  cleaned  and  dried  by  blowing 
dry  nitrogen  through  for  a  while.  Every  day  the  leak  rate 
and  the  cross  section  of  tubes  were  checked. 
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Srperlnental  Results 

?or  the  experiments  the  following  tubes  have  been 
used: 

Circular  cross  section 


Diameter  (cm) 

2.0  (A) 

1.8  (B) 

0.8 

Area  (cm2) 

3.15 

2.54 

0.5 

Hydraulic  (cffi) 
rediua 

1.0 

0.9 

0.4 

Hydraulic 

diameter 

2.0 

1.8 

0.8 

Square  cross  section 


Area 

Hydraulic 

radius 

Hydraulic 

dieaeter 


(cm) 

1.3  (D) 

1.6 

(cm2) 

3.24 

2.55 

(cm) 

1.02 

0,902 

(cm) 

2.04 

1.804 

- 

10  - 

Rectangular 

cTces  seetioG 

Long  side 

(oa) 

5.6  (?) 

1.6  G) 

Short  side 

(cs) 

0.8 

0.8 

Area 

(«aZ) 

3.04 

t  .26 

Hydraulic 

radius 

(on) 

o.m 

0.64 

Hydraulic 

dianeter 

(=») 

1.97 

1.28 

e 

>2 


Limits  of  Detonobility  for  lean  CH^  -  O2  Mixtures 
for  various  Tube  Shapes  and  Diameters 


tv 
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For  tubes  with  circular  cross  section  previous  resulte 
could  be  confirmed  within  the  limits  of  experimental 
error.  The  limit  concentration  is  a  linear  function  of 
the  reciprocal  tube  dianeter. 

The  two  tubes  wi th  square  cross  section  behave  in  a 
similar  manner.  For  the  tube  with  larger  side  length 
the  limits  of  detonability  are  slightly  wider  than  for 
the  other  one.  The  absolut  values  of  the  concentrations 
at  the  limit  seems  to  fall  on  the  line  for  tubes  with 
circular  cross  section  in  the  C(limit),  i/d  plott  if 
the  side  length  is  taken  as  d.  The  hydraul-.  diameters 
of  the  square  cross  section  on  tubes  are  a  little  larger 
than  the  side  length.  They  do  not  fit  as  well  in  the 
C(limit)  -  d~ 1  plott  as  the  side  length.  In  case  of 
tube  D  the  limits  are  definitely  narrower  than  for  tube  A 
while  the  hydraulic  dianeter  is  larger.  The  differences 
are,  however,  small. 

A  different  situation  arises  for  the  rectangular  tubes. 
Here  neither  the  long  side  nor  the  short  side  nor  the 
hydraulic  radius  fit  into  the  line  C(limit)  -  d-1 . 

The  limits  of  detonability  for  the  5.S  x  0.8  rectangular 
tube  ere  definitely  narrower  than  those  for  the  tubes  A, 

D  and  3.  They  roughly  correspond  to  those  for  1.6  cs 


square  tubes  while  the  Units  for  the  1.6  x  0.8  rect¬ 
angular  tube  are  still  narrower. 

If  the  scaliest  distance  in  the  tube  would  oeternine  the 
lid  is  both  rectangular  tubes  should  nearly  coincide 
with  the  0.8  ca  dianetsr  circular  tube.  Apparently  the 
1.6  ca  long  side  widens  the  Units  about  1  while  the 
3.8  cb  side  widens  then  about  1.8  £  compared  to  the 
linit  for  infinite  tube  diaseter,  which  in  the  present 
case  is  about  4  ^  away. 

“The  hydraulic  diameters  for  these  tubes  do  not  fall  on 
the  C(lioit)  -  d-1  line  either.  However,  the  line 
connecting  the  hydraulic  radii  at  the  iiaits  for  the 
rectangular  tubes  seess  to  he  parallel  to  the  C(linit)- 
a-1  line  for  the  circular  cress  section  tubes.  Boughly 
one  can  say  that  an  estimate  of  the  Units  of  deton&bility 
based  on  the  hydraulic  di  meters  gives  a  reasonable  value 
which  in  the  case  under  discussion  here  fits  better  than 
1  56.  It  is  obvious,  however,  that  this  is  not  a  good 
description  of  the  real  process.  Apparently  a  correct 
stability  analysis  has  to  take  into  consideration  the 
details  of  the  interaction  process  between  cheaical  reac¬ 
tion  and  flow  inside  and  behind  the  reaction  front.  To 
a  certain  degree,  however,  the  correlation  with  the 
hydraulic  dianeter  seess  to  be  a  reasonable  approximation 
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as  long  as  one  aide  is  not  to  narrow.  It  is  to  'os  expected, 
that  there  exists  a  condition,  that  the  snail  side  of  the 
rectangle  hasto  fce  larger  than  a  lower  limit  ,  which, 
however,  is  definitely  snaller  than  the  Uniting  diaaeter 
for  tubes  with  circular  cross  section.  ?or  very  large 
tubes  (in  each  disension)  the  shape  of  the  tube  should 
have  nearly  no  influence  on  the  linit  of  detonability  for 
infinite  tube  diameter.  fhat  would  require,  that,  if  one 
wants  to  keep  the  linear  relation  at  the  limits  of  deton- 
abiiity  for  C(iinit),  d-1  there  exist  limit  lines  which 
depend  on  the  shape  of  the  cross  section  of  the  tube. 

Jhis  influence  is.  however,  r.ot  very  pronounced,  even 
a  ratio  of  the  sides  of  a  rectangular  tube, close  to  5:1 
gives  only  a  deviation,  based  on  the  hydraulic  radius 
of  less  than  one  percent.  On  that  basis  it  can  be  under¬ 
stood,  why  attempts  for  a  quantitative  description  cf  the 
limits  of  detonability  and  the  influence  of  tube  diameter, 
pressure,  temperature  and  other  parameters  on  these  Units 
have  not  been  very  successful!  in  that  rough  models  could 
be  improved  and  put  on  a  quantitative  basis. 
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S cue  Sxcerixent g  on  the  Propagation  of  Spherical  yiaaes 


Introduction 


The  soap  bubble  aethod  is  a  well  known  xethod  for  ceter- 
nination  of  fiaxe  speeds  <£.  Tf  the  expansion  radio  S,Jy0 
is  known  one  obtains  the  flaae  speed  by  aoasuring  the 
rate  of  propagation  of  the  flaxe  area 


/L  =  IT  ■  -  //, 

In  nost  cf  the  experixents  reported  in  the  literature  the 
spread  of  the  flaae  on  the  liin,  (taken  by  a  saetr  caaera) 
is  a  straight  line  indicating  constant  values  of  .  The 
flow  situation  for  such  a  case  is  shown  in  Tig.  3-  The  gas 
ahead  of  the  flaae  is  shifted  away  froa  the  center.  The 
pressure  increases  froa  a  very  weak  front  shock  towards 
the  flaae  front.  Behind  the  flane  the  gas  is  practically 
at  rest.  Flane  velocities  obtained  by  the  soap  bubble 
nethod  a  e  in  good  agreement  with  values  obtained  by  other 
net hod 8. 


te-.. 


r 


There  are,  however,  indications,  that  the  flaae  propagation 
does  not  take  place  as  ssoothly  as  one  night  expect  iron 
the  fact  that  the  nea&ured  flane  velocities  are  all  right. 


Troshin  published  schlierer.  pictures  of  f lanes  which  indi¬ 
cate  cellular  structure  cf  the  flane  front.  Heasurecents 
oi  flaxes  in  constant  pressure  bosbs  often  give  not  only 


Fig. 3  World  Line  of  Stationary  Spherical 
Flame 
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wrong  absolute  values  of  4-but  also  a  wrong  pressure  depen¬ 
dence  of  the  flane  speed.  Investigations  of  sound  generated 
by  fl arses  also  indicates  a  structurj. 

Sogarho  reports  that  flaaes  in  propane  cxyger.  mixtures , 
ignited  by  a  spark  can  ecoellerate  and  show  transition 
into  detonation. 

Istratov  performed  calculations  on  the  stability  of  spheri¬ 
cal  flaaes.  These  calculations  gave  a  critical  Reynoldsnusber 
based  on  the  radius  for  the  stability  of  spherical  flares . 

The  value  of  this  critical  Heynoldsnuaber ,  howeter,  is  far 
away  iron  the  one  obtained  by  Troshins  experiments. 

The  problen  of  stability  of  spherical  flaaes  is  of  funda¬ 
mental  importance  for  explosions  of  free  gas  clouds.  The 
central  question  is :  which  sechanisa  leads  to  flame 
accelieration? 

In  tubes  it  is  obvious:  the  unburned  gas,  flowing  ahead  of 
the  ^laoe  can  becone  turbulent  and  this  can  lead  to  pro¬ 
gressive  flane  accelieration,  generation  of  shod  5ves 
and  so  on,  a  well  known  process.  The  innediate  geo.-  -.tion 
of  interacting  shock  waves  nornally  takes  place  only  in  a 
later  stage  of  the  process. 


There  are  indications  that  the  disturbance  of  the  flame 
front  in  bone  explosions  ana  also  in  sone  soap  bubble 
expericents  are  generated  by  reflected  pressure  waves. 
Especially  in  bono  explosions  this  could  clearly  be 
shown.  The  first  step  in  air  experinents  therefore  had 
to  be  to  find  an  experimental  arrangersent  to  ndninize 
that  influence. 


Phe  gas  nixture  is  prepared  by  capillary  flow  nereis 
with  pressure  stabilized  supply.  Part  of  the  con¬ 
tinuous  flew  is  extracted  through  a  soap  bubble  generator 
via  a  special  valve.  If  the  bubble  reaches  the  wanteo 
dianeter  this  valve  is  closed.  Phe  soap  bubble  generator 
(Pig.  4  consisted  of  a  plexiglass  tube  (l.j  cs  diaaeter) 
with  a  piston  inside.  Phis  piston  contained  the  electrodes. 
It  was  constructed  euifc  that  it  closed  the  flow  inlet  as 
sell  as  the  gas  exit  to  the  soap  bubble.  This  bubble 
generator  was  aounted  on  a  1  cs  stell  bar.  There  were 
no  solid  walls  around  the  bubble  at  distances  below  1  a 
so  that  reflected  waves  needed  at  least  1/150  see  to  cone 
bake  to  the  soap  bubble.  For  flane  speeds  in  the  order  of 
one  neter  per  sec  and  about  10  on  bubble  diaaeter  this 
neans  that  reflected  sound  waves  do  hardly  cone  back  as 
long  as  the  bubble  burns.  The  bubble  generator  itself  was 
counted  by  thin  long  netali  tubes.  Sound  waves  reflected 
at  these  tubes  can  cone  back  to  the  flace.  They  are,  how¬ 
ever,  highly  attenuated.  This  had  to  be  accepted  because 
tht  ideal  nethod,  free  gas  tuebles  ignited  centrally  by 
iaser  radiation  would  have  been  such  to  conplicated  m 
that  phase  if  the  investigation. 


"he  sa*ar  camera  is  counted  about  one  Beter  away  fro a 
tbe  soap  bubble.  The  soap  bubble  is  projected  into 
an  insge  plane  where  a  slit  tajces  away  noat  of  the 
picture;  only  a  scall  horioontal  strip  of  the  bubble 
is  then  projected  on  the  filn  for  aeaeuring  the  flase 


| 

* 

* 


Experimental  Results 

In  order  to  check  the  reliability  of  the  system  flame 
velocities  of  CB^-air  and  Hg-air  mixtures  have  been 
measured  and  found  tc  be  in  goad  agreement  with  litera¬ 
ture  data.  Then  the  following  systems  have  been  in- 
vestigr  ted 


CH4  -  of.  sir 

CH,  -  air  (with  50  £  0?) 

CH^  -  eC air  (with  80  £  0,) 

CH,  -  ct.o2 

-  ct- air  (with  50  £  0„) 

C  «- 

K2  -  d-  02 

(CH^  +  K?)  +  cZ-Og 


C2K4 

°2K4 

C2H2 


C2K2 


air 

°2 

air 


(air  with  50  £  oxygen) 


Ik  all  these  systems  which  were  investigated  in  soap 


bubbles  of  ?  cm  diameter  not  the  slightest  indication 


of  a  flame  accelleration  could  be  observed.  (Ignition 
oy  an  engine  spark) 


The  experiments  continued  with  attempts  to  generate 
larger  soa^  bubbles.  ?or  the  methane,  the  (CH^-t-Hg)  and 
the  CgK^  syatems  be biles  of  If  cm  diameter  could  be 
generated .  ?or  Cg^’.g  -  air  and  for  CgK,>  -  Og  bubbles  up 


to  12  cm  could  be  formed. 


The  photographs  of  these  flames  (each  mixture  has  been 
used  3  to  5  times  at  different  days)  also  did  not  indi¬ 


cate  any  acceileration  of  the  flames. 


These  results  indicate  that  up  to  about  15  cm  diameter 


of  the  gas  ball  there  seems  to  be  no  internal  mechanism 
which  accellerates  flames  (even  in  mix  ;ures  with  C?}  so 


that  transition  to  detonation  takes  place.  At  least  in 


that  range  cf  diameters  of  the  nubble  external  mechanisms 


must  have  been  active  in  the  experiments  of  other  authors. 


• '  X 


References 


1.  K.  GuhlEann,  If.  Puech  and  H.Gg.  Wagner:  Ber.  der  Bunsen- 

?,es.  physik.  Cheis.  22»  143  (1966) 

2.  H.Gg.  Sagnsr  in  A,  Perr.i ,  Pundacental  Bata  Obtained  Frcn 

Shook  Tube  Experinents,  Pergaaon  -  London  1961 

3.  See  cur  previous  reports 

4.  if.  <?ost:  Sxplosionen  und  Verbrennungsvorgange  in  Gase'j; 

Springer  Berlin  1939 

5.  R.I.  Soloukhin:  Shock  Waves  and  Detonations  iu  Gates, 

Hono  Book  Cosp.  -  Baltimore  1966 

6.  S.S.  Kogarko,  Y.V.  Adishiin,  A.G.  Lyaain:  intern.  Jhess. 

Hng.  £,  393  (1966) 

7.  A.G,  Istratov,  V.B.  Librovich:  Aotronautica  Acta  VA,  A?3 

(1969) 

8.  J.H.  Lee,  S.I.  Soloukhin,  A. 5.  OppenheiE:  Astronautica 

Acta  Ji,  365  (1969) 

9.  B.  Lewie,  G.  v.  Elbe;  Coabustioa,  Places  and  Explosion 

of  Gases,  Acadecic  Press,  Sen  York  1951 


